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INTRODUCTION {#SEC1}
============

CRISPR (clustered regularly interspaced short palindromic repeat)-Cas (CRISPR-associated) systems provide prokaryotes with adaptive immunity against foreign invaders ([@B1],[@B2]). Recognition of these invaders is conducted by CRISPR RNAs (crRNAs) that direct Cas proteins to cleave complementary nucleic acid sequences. The crRNAs are processed from transcribed arrays of identical repeats and intervening target-specific spacers, conferring immunity against multiple unique sequences. To manage the diversity of proteins associated with CRISPR-Cas systems, three general types have been defined each with a collection of subtypes ([@B3]). Apart from their particular suite of Cas proteins, these types can be distinguished by the molecular target, the mode of target recognition and the mechanism of crRNA processing. For instance, Type I systems target DNA with a protospacer-adjacent motif (PAM) flanking the 3′ end of the target sequence and rely on the Cas proteins for crRNA processing ([@B4],[@B5]), whereas Type II systems target DNA with a PAM flanking the 5′ end of the target sequence and rely on a tracrRNA and RNase III for crRNA processing ([@B6],[@B7]). Of the three types, Type I systems are the most prevalent in both bacteria and archaea ([@B3]).

A defining feature of CRISPR-Cas systems is that crRNAs can be readily designed to guide the specific targeting of virtually any sequence. Aside from genome editing and DNA imaging, this capability has opened widespread opportunities in programmable gene regulation ([@B8]--[@B11]). Toward this goal, Type II systems were recently engineered to bind but not cleave target DNA through point mutations in the endonucleolytic domains of the signature *cas9* gene ([@B12]). Designed crRNAs directed the resulting catalytically dead Cas9 (dCas9) protein to bind specific promoters and coding regions, thereby modulating the recruitment of or extension by RNA polymerase ([@B13]--[@B17]). Separately, Type III-B systems, the only CRISPR-Cas systems known to naturally target RNA ([@B18]), can be directed to cleave chromosomal mRNAs ([@B19],[@B20]). While these efforts demonstrated the capacity of Type II and III systems for gene regulation, what remains unexplored is the capacity of Type I systems to exhibit this same phenomenon. If confirmed, this prevalent type could be harnessed to advance genetic control with CRISPR-Cas systems and provide insights into their potential roles as natural gene regulators.

Type I CRISPR-Cas systems generally involve two protein elements for DNA targeting: Cascade and Cas3. Cascade, a multimeric complex of three to six different Cas proteins, is responsible for processing CRISPR arrays ([@B4]) and for binding target DNA sequences through PAM and protospacer recognition ([@B4],[@B21]--[@B23]). Cas3, the signature protein of Type I systems, is responsible for cleaving and degrading target DNA ([@B21],[@B24]--[@B26]). Recent biochemical studies of different Type I subtypes revealed that Cascade is a stable complex that recruits Cas3 only after DNA binding ([@B21]--[@B23],[@B25],[@B27]--[@B29]). Based on these insights, we hypothesized that removal of Cas3 from an endogenous CRISPR-Cas system would allow Cascade to tightly bind target DNA sequences without subsequent degradation. As a result, designed CRISPR arrays would be sufficient to direct targeted DNA binding, thereby blocking RNA polymerase recruitment or extension ([@B13],[@B17]). Using the Type I-E CRISPR-Cas system in *Escherichia coli* K-12 as a model, we found that deleting the *cas3* gene from the *E. coli* genome allowed the targeted and multiplexed regulation of gene expression using the endogenous CRISPR-Cas system. CRISPR arrays could also be generated for the coordinated silencing of multiple endogenous genes and the generation of complex phenotypes.

MATERIALS AND METHODS {#SEC2}
=====================

Strains and plasmid construction {#SEC2-1}
--------------------------------

See Supplementary Table S1 for a list of all *E. coli* K-12 strains used in this work. To generate BW25113 Δ*cas3*::*cat* and MG1655 Δ*cas3*::*cat*, the *cat* resistance cassette was polymerase chain reaction (PCR)-amplified from the pKD3 plasmid ([@B30]) using oligonucleotides that append the synthetic constitutive promoter J23119 (BBa_J23119 in the registry for standard biological parts; [www.partsregistry.org](http://www.partsregistry.org)) (J23119-pKD3.for, J23119-pKD3.rev). Following a second PCR amplification to introduce homology arms (HR-cas3.for, HR-cas3.rev), the resulting PCR product was recombineered into NM500 by mini-λ-mediated recombination ([@B31]). The insertion replaced the native *cas3* gene and the native promoter for the Cascade operon with the *cat* cassette and the J23119 promoter. Successful recombination was verified by sequencing. P1 transduction was then used to transfer the *cat* cassette and the synthetic promoter into BW25113 and into MG1655. Successful transduction was verified by PCR. To generate BW25113 Δ*cas3*, the *cat* cassette from BW25113 Δ*cas3*::*cat* was excised using the pCP20 plasmid as described previously ([@B32]). To generate NM500 *cas3^+^*, the *cat* resistance cassette was PCR-amplified from the pKD3 plasmid using oligonucleotides that append the constitutive promoter J23119 (J23119-pKD3.for, HR-casA.rev). Following a second PCR amplification to introduce homology arms (HR-cas3.for, HR-casA.rev), the resulting PCR product was recombined into NM500. This NM500 *cas3*^+^ strain replaces the native promoter for the Cascade operon with a constitutive promoter while retaining the native *cas3* gene. To generate BW25113 ΔCRISPR-Cas::*cat*, the *cat* resistance cassette was PCR-amplified from the pKD3 plasmid (HR-CRISPR.for, HR-cas3.rev) and recombineered into NM500, followed by P1 transduction into BW25113. This BW25113 ΔCRISPR-Cas eliminates the entire CRISPR locus as well as *cas3*, the Cascade operon and the CRISPR1 locus.

See Supplementary Table S2 for a list of all plasmids used in this work. The green fluorescent protein (GFP) reporter plasmids were based on the pUA66 plasmid (low-copy sc101 origin-of-replication) ([@B33]) and are reported in previous work ([@B34]). To construct the arabinose-inducible pcrRNA.ind plasmid (medium-copy pBR322 origin-of-replication), oligonucleotides were designed to encode a single repeat and a synthetic rho-independent terminator (BBa_B1006 in the registry for standard biological parts) (pcrRNA.ind.for, pcrRNA.ind.rev). These oligonucleotides were annealed, 5′ phosphorylated using polynucleotide kinase (PNK) and ligated into the pBAD18 plasmid digested with KpnI-HF and HindIII-HF. To construct the constitutive pcrRNA.con plasmid, oligonucleotides encoding the synthetic constitutive promoter J23119 (pcrRNA.con.for, pcrRNA.con.rev) were annealed, 5′ phosphorylated with PNK and ligated into the pcrRNA.ind plasmid digested with NsiI and NheI. The insertion replaced the *araC* gene and P*~araB~* promoter with the synthetic constitutive promoter. To insert new repeat--spacer pairs into pcrRNA.con or pcrRNA.ind, oligonucleotides encoding the palindromic repeat and crRNA spacers were annealed, 5′ phosphorylated with PNK and ligated into either plasmid digested with KpnI and XhoI. See Supplementary Figure S2 for an illustration of the cloning scheme.

All plasmid cloning was verified by sequencing. See Supplementary Table S3 for a list of all oligonucleotides used in this work. All oligonucleotides were chemically synthesized by IDT. All enzymes were purchased from NEB.

Growth conditions {#SEC2-2}
-----------------

All strains were cultured in 14-ml round-bottom polypropylene tubes at 37°C and 250 RPM in up to 5 ml of LB medium (10-g/l tryptone, 5-g/l yeast extract, 10-g/l NaCl) or M9 minimal medium (1X M9 salts, 2 mM MgSO~4~, 0.1 mM CaCl~2~, 10 μg/ml thiamine) containing the indicated combination of 0.4% glycerol, 0.2% indicated sugar and 0.2% casamino acids. All strains were plated on LB agar (LB medium with 1.2% agar) in 100 × 15-mm polystyrene petri dishes. To maintain any plasmids, cells were cultured in liquid medium or on agar plates containing appropriate antibiotics at the following concentration: 50 μg/ml of ampicillin, 34 μg/ml of chloramphenicol and 50 μg/ml of kanamycin.

Spacer design {#SEC2-3}
-------------

See Supplementary Table S4 for a list of all of protospacers targeted in this work. Protospacers were selected by identifying a PAM (CTT, CCT, CAT, CTC located at the 3′ end of the target sequence) for the Type I-E system in *E. coli* ([@B23]). Note that only CTT and CCT were used in this work based on our previous experience with these PAM sequences ([@B35]). The 32 nucleotides immediately downstream of the PAM were then used as the spacer. The cloning scheme required changing the final two nucleotides of the spacer to TC (Supplementary Figure S2), which is not expected to impact crRNA activity ([@B5]).

Transformation assays {#SEC2-4}
---------------------

The transformation assay as shown in Supplementary Figure S4B was conducted similar to previous work ([@B35]). Briefly, *E. coli* BW25113 Δ*cas3*::*cat* or NM500 *cas3*^+^ cells harboring pUA66-lacZ were cultured overnight in LB medium. Cultures were back-diluted 1:25 into 25 ml of LB medium in 125-ml Erlenmeyer flasks and grown to an ABS~600~ of 0.6--0.8, which was quantified using a Nanodrop 2000c spectrophotometer (Thermo Scientific). The cells were then washed in ice-cold 10% glycerol and concentrated by a factor of ∼100. A total of 50 μl of the concentrated cells were transformed with 50 ng of plasmid DNA using a MicroPulser electroporator (Bio-Rad). Transformed cells were recovered in 500-μl SOC medium for 1 h at 37°C. After the recovery period, the cells were diluted by factors of 10^4^--10^6^ and 250 μl of the dilution was plated on LB agar with appropriate antibiotics and inducers.

Flow cytometry analysis {#SEC2-5}
-----------------------

Cells grown overnight in M9 minimal medium containing 0.2% casamino acids and 0.4% glycerol were back-diluted to an ABS~600~ of 0.01 into M9 minimal medium with the specified combination of 0.1 mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) and 0.2% of the indicated inducing sugar. Upon reaching an ABS~600~ of ∼0.2 after ∼3--4 h of growth, the cultures were diluted 1:100 in 1X phosphate buffered saline and run on an Accuri C6 Flow Cytometer (Becton Dickinson) equipped with CFlow plate sampler, a 488-nm laser and a 530 ± 15-nm bandpass filter. Events reflecting cells were gated based on forward scatter (FSC-H) and side scatter (SSC-H) with respective lower cutoffs of 11 500 and 600 to reduce the measurement of particulates. The gate was set using *E. coli* cells stained with the DRAQ5 dye (Thermo Scientific). The fluorescence of the gated cells was then measured in FL1-H. At least 20 000 events were analyzed for each sample.

For the reversibility experiments, cells were grown overnight in M9 minimal medium containing 0.2% casamino acids, 0.4% glycerol and 0.1 mM IPTG, with or without 0.2% L-arabinose. Overnight cultures were pelleted and resuspended twice in M9 minimal media with 0.2% casamino acids, 0.4% glycerol and 0.1 mM IPTG to remove any residual L-arabinose. The washed cultures were then back-diluted to an ABS~600~ of ∼0.001 in 30 ml of the same medium without or with 0.2% L-arabinose, respectively. Every hour, 800 μl of culture was withdrawn for flow cytometry analysis and measurement of the ABS~600~.

Doubling-time measurements {#SEC2-6}
--------------------------

Cells were grown overnight in M9 minimal medium with 0.4% glycerol. The overnight cultures were pelleted and resuspended twice in M9 minimal medium with no carbon source. The washed cultures were then back-diluted to an ABS~600~ of ∼0.001 into 25 ml of M9 minimal medium containing 0.2% of the indicated sugar in 125-ml Erlenmeyer flasks. Every 30 min, 800 μl of culture was withdrawn for measurement of the ABS~600~.

Quantitative real-time PCR {#SEC2-7}
--------------------------

Cells were grown overnight in M9 minimal medium containing 0.2% casamino acids and 0.4% glycerol. Overnight cultures were back-diluted 1:250 in M9 minimal medium containing 0.2% casamino acids, 0.4% glycerol and 0.2% of the indicated sugar. Once cultures reached an ABS~600~ of ∼0.4, total RNA was isolated as reported previously ([@B36]) followed by treatment with DNase I. cDNAs were generated from 2 μg of the resulting RNA using random primers and SuperScript III reverse-transcriptase (Invitrogen) followed by treatment with RNase H. Quantitative PCR was conducted on cDNA samples using SYBR Green (Bio-Rad) and the gene-specific primers (X-qPCR.fwd/rev, where X is the target gene) listed in Supplementary Table S3. cDNAs were run on a Mastercycler ep realplex^2^ real-time PCR system (Eppendorf) according to the manufacturer\'s instructions. For the PCR runs, each cDNA was heated to 95°C for 2 min followed by 50 cycles of a 15-s denaturing step at 95°C, a 15-s annealing step at 55°C and a 30-s extension step at 72°C. At the end of the run, a melt curve was generated to ensure the absence of non-specific products. Relative quantitation of gene expression was calculated using the Δ*C*~t~ method.

Growth assays {#SEC2-8}
-------------

Cells were inoculated into M9 minimal medium containing 0.4% glycerol and grown overnight. After 24 h, cells were pelleted and resuspended in 2 ml of M9 minimal medium with no carbon source two times to remove glycerol as a possible source of growth. The washed cultures were then back-diluted to an ABS~600~ of 0.001 into 2 ml of M9 minimal medium containing 0.2% of the indicated sugar(s). Finally, the cultures were grown for 24 h until the ABS~600~ was measured.

RESULTS {#SEC3}
=======

Targeted gene repression following deletion of *cas3* {#SEC3-1}
-----------------------------------------------------

To explore the capacity of Type I systems for gene regulation, we employed the Type I-E CRISPR-Cas system in *E. coli* K-12 (Supplementary Figure S1), the best characterized Type I system in a genetically tractable bacterium ([@B4]--[@B5],[@B21],[@B23]). Because the operon encoding Cascade (*cse1-cse2-cas7-cas5-cas6e*) is strongly repressed under normal growth conditions ([@B37],[@B38]), we replaced *cas3* and the native *cse1* promoter with a constitutive promoter in one round of homologous recombination (Figure [1](#F1){ref-type="fig"}). The resulting strain (BW25113 Δ*cas3*::*cat*) was transformed with a medium-copy plasmid encoding L-arabinose-inducible single-spacer arrays (Supplementary Figure S2) and a low-copy reporter plasmid encoding the green fluorescent protein (*gfp*) gene downstream of the *lacZ* promoter (pUA66-lacZ; Supplementary Table S5). The spacers were designed to target 10 locations in the promoter and *gfp* coding region as well as two locations far upstream of the promoter (Figure [2A](#F2){ref-type="fig"} and Supplementary Table S4). Using flow cytometry analysis, the fluorescence of individual cells was then measured following induction of GFP and crRNA expression.

![Repurposing the Type I-E CRISPR-Cas system in *E. coli* K-12 for programmable gene repression. (**A**) Conversion of the Type I-E CRISPR-Cas system into a programmable repressor. The deletion of *cas3* and insertion of a constitutive promoter upstream of the Cascade operon allows crRNA-directed DNA binding without cleavage. (**B**) Putative mechanism of crRNA-directed gene repression. Cascade processes the transcribed CRISPR array into individual crRNAs. The Cascade--crRNA complex then binds target DNA sequences (blue line) flanked by a PAM (black circle), leading to transcriptional repression.](gku971fig1){#F1}

![RNA-mediated transcriptional repression with the repurposed Type I-E CRISPR-Cas system in *E. coli* K-12. (**A**) Targeted silencing of plasmid-based GFP expression. The *gfp* gene is under the control of the *lacZ* promoter in the low-copy plasmid pUA66-lacZ. Each spacer sequence (blue line) and PAM (black circle) match the closest strand of the protospacer. RBS, ribosome-binding site. (**B**) Location-dependent and strand-dependent repression of GFP expression. BW25113 Δ*cas3*::*cat* harboring the medium-copy pUA66-lacZ and the indicated single-spacer plasmid were subjected to flow cytometry analysis following induction with IPTG and L-arabinose. The non-targeting *mviM* spacer serves as a negative control. Repression is calculated as the ratio of the autofluorescence-subtracted fluorescence for the inducible no-spacer plasmid (pcrRNA.ind) and each single-spacer plasmid. See Supplementary Figure S3A for representative histograms from the flow cytometry analysis. (**C**) Reversibility of gene silencing. BW25113 Δ*cas3*::*cat* cells harboring pUA66-lacZ and either the no-spacer plasmid (pcrRNA.ind, white circles) or the T2 single-spacer plasmid (T2, blue circles) either were pre-induced with only IPTG and switched to both IPTG and L-arabinose (left) or were pre-induced with both IPTG and L-arabinose and switched to only IPTG (right). Following the addition or removal of L-arabinose at *t* = 0, the autofluorescence-subtracted fluorescence for individual cells and the turbidity of the culture were followed over time. GFP fluorescence was ∼10-fold lower for cells with the targeting plasmid versus the spacer-free plasmid, which we attribute to leaky expression from the P*~araB~* promoter under these growth conditions.](gku971fig2){#F2}

In comparison to the spacer-free plasmid (pCRISPR.ind; Supplementary Figure S2), we observed ranging extents of repression that depended on which region of pUA66-lacZ was targeted (Figure [2B](#F2){ref-type="fig"}). Targeting either strand of the promoter region strongly reduced GFP fluorescence (∼200-fold). Targeting the transcribed region moderately reduced GFP fluorescence, but only when targeting anywhere along the non-template strand or in the vicinity of the RNA polymerase footprint on the template strand ([@B39]). Interestingly, the strand bias observed when targeting the template versus non-template strand mirrored that observed for dCas9 in bacteria ([@B13],[@B17]). As expected, targeting upstream of the promoter region negligibly reduced fluorescence. In all cases, the extent of gene silencing was uniform across the entire bacterial population (Supplementary Figure S3). Importantly, GFP levels were similar for the no-spacer plasmid and a plasmid encoding a spacer targeting the *mviM* gene in *Salmonella enterica* (Figure [2B](#F2){ref-type="fig"}), ruling out potential differences due to the assembly of Cascade. We also found that GFP silencing was reversible based on the change in fluorescence following addition or removal of L-arabinose (Figure [2C](#F2){ref-type="fig"}). The associated dynamics can be attributed to the stability of GFP similar to previous work ([@B13]).

We next performed a series of control experiments to assess the impact of deleting *cas3* and constitutively expressing the Cascade operon. We first measured GFP fluorescence in the original wild-type strain in which the Cascade operon was tightly repressed and *cas3* was still present (BW25113) and in a strain in which *cas3* and the Cascade operon were both deleted (BW25113 ΔCRISPR-Cas::*cat*). The fluorescence levels were similar regardless of whether a targeting or non-targeting spacer was used (Supplementary Figure S4A), indicating that Cascade must be present for gene silencing. Next, to assess the impact on DNA integrity, we measured the transformation efficiencies for targeting and non-targeting plasmids in strains with Cascade constitutively expressed and *cas3* present (NM500 *cas3*^+^) or absent (BW25113 Δ*cas3*::*cat*). Surprisingly, we observed similar transformation efficiencies for the targeting and non-targeting plasmids even when *cas3* was present (Supplementary Figure S4B), suggesting that Cas3 is poorly expressed or inactive in this particular strain. As further support, the strain with *cas3* present could still strongly silence GFP (Supplementary Figure S4C). Finally, to gauge the impact of the resistance cassette, we excised the cassette used to delete *cas3* and measured gene silencing. The resulting strain (BW25113 Δ*cas3*) and the original strain (BW25113 Δ*cas3*::*cat*) exhibited similar silencing efficiencies (Supplementary Figure S4C), indicating a negligible impact of the resistance cassette.

Impact of array length and spacer position {#SEC3-2}
------------------------------------------

One beneficial feature of Cascade is that it can process multiple crRNAs from a single-spacer array. However, little is known about how the composition of natural or synthetic multi-spacer arrays quantitatively impacts individual targets. To evaluate the impact of array length, we generated arrays with one promoter-targeting spacer (T2) followed by zero to three non-targeting spacers (*mviM*) (Figure [3](#F3){ref-type="fig"}). Flow cytometry analysis revealed a gradual decrease in silencing efficiency with each additional spacer. We speculate that this decrease may be due to non-targeting spacers diluting available Cascade complexes for targeting crRNAs, as observed with other RNA-based systems ([@B40]). In support of this assertion, the single-spacer array and an array of four targeting spacers exhibited statistically indistinguishable extents of silencing (two-tailed *t*-test, *t*(4) = 1.05, *p* = 0.35) (Figure [3](#F3){ref-type="fig"}). To evaluate the impact of spacer position, we generated arrays with different permutations of one targeting and three non-targeting spacers (Figure [3](#F3){ref-type="fig"}). With the exception of a targeting spacer in the first position of the four-spacer array, the extent of *gfp* silencing was similar regardless of spacer position (one-way ANOVA, *F*(2,6) = 0.15, *p* = 0.86). These results suggest that longer arrays can reduce the potency of individual spacers, whereas the exact location of a spacer within an array has a lesser contribution to the potency of silencing.

![Impact of array length and spacer location on silencing efficiency. BW25113 Δ*cas3* cells harboring pUA66-lacZ and the indicated inducible CRISPR array plasmid were subjected to flow cytometry analysis following induction with IPTG and L-arabinose. Repression is calculated as the ratio of the autofluorescence-subtracted fluorescence for the inducible no-spacer plasmid (pcrRNA.ind) and each multi-spacer plasmid. Repeats, white ovals; T2 spacers, blue circles; non-targeting spacers matching the *S. enterica mviM* gene, gray circles. See Supplementary Figure S3B for representative histograms from the flow cytometry analysis. Values represent geometric mean and SEM from independent experiments staring with three separate colonies.](gku971fig3){#F3}

Multiplexed repression of endogenous genes {#SEC3-3}
------------------------------------------

As a complement to targeting heterologous genes such as *gfp*, we explored the ability of spacers to regulate endogenous targets. We focused on operons involved in the catabolism of the sugars L-arabinose (*araBAD*), L-rhamnose (*rhaBAD*), D-xylose (*xylAB*) and D-lactose (*lacZYA*) (Figure [4A](#F4){ref-type="fig"}) because these operons are well characterized and are required for growth on their cognate sugar ([@B41]--[@B44]). As the *araBAD*, *rhaBAD* and *lacZYA* operons are disrupted in BW25113, we imported the *cas3* deletion and synthetic promoter into another strain of *E. coli* K-12 (MG1655 Δ*cas3*::*cat*). We also placed each single-spacer array under the control of the strong, constitutive promoter J23119 to circumvent the need for L-arabinose as an inducer (Supplementary Figure S2).

![Targeted repression of endogenous genes and pathways. (**A**) Targeting operons responsible for sugar catabolism. Spacers were designed to target the promoter of each catabolic operon required for growth on its cognate sugar. (**B**) Repression of promoter activity. Each promoter was cloned upstream of the *gfp* gene in pUA66. The resulting plasmids were then tested in MG1655 Δ*cas3*::*cat* cells harboring the corresponding single-spacer plasmid (top) or multi-spacer plasmid (bottom) by flow cytometry analysis following promoter induction with the cognate sugar. Repression is calculated as the ratio of the autofluorescence-subtracted fluorescence for the constitutive no-spacer plasmid (pcrRNA.con) and each single-spacer or multi-spacer plasmid. Values represent geometric mean and SEM from independent experiments with three colonies. See Supplementary Figure S3C for representative histograms from the flow cytometry analysis. (**C**) Repression of endogenous genes. MG1655 Δ*cas3*::*cat* cells harboring the indicated single-spacer plasmid were harvested for total RNA following induction with the cognate sugar and subjected to qRT-PCR analysis. Repression is calculated as the ratio of the relative mRNA levels from the no-spacer plasmid (pcrRNA.con) and the indicated single-spacer plasmid. Values represent the geometric mean and SEM for quadruple technical replicates. (**D**) Targeted suppression of growth. MG1655 Δ*cas3*::*cat* cells harboring the indicated single-spacer or multi-spacer plasmid were grown on each sugar as the sole carbon source and turbidity was measured after 24 h of growth. Values represent the geometric mean of the measured ABS~600~ values from independent experiments starting with three separate colonies.](gku971fig4){#F4}

To assess silencing of promoter activity, we cloned the promoter of each operon upstream of *gfp* in the pUA66 plasmid (Supplementary Table S5) and measured the ability of each spacer to repress its target promoter by flow cytometry analysis (Figure [4B](#F4){ref-type="fig"} and Supplementary Figure S3). In comparison to the spacer-free plasmid (pCRISPR.con; Supplementary Figure S2), each targeting plasmid greatly reduced fluorescence (∼80-fold to 900-fold). As expected, combining the spacers into one array strongly reduced fluorescence for each promoter (Figure [4B](#F4){ref-type="fig"}), although the degree of silencing was generally less than that observed for the individual spacers.

To evaluate silencing of the endogenous genes, we measured mRNA levels of each operon for cells with each single-spacer plasmid. In comparison to the no-spacer plasmid, the single-spacer plasmids greatly reduced mRNA levels (∼11-fold to 2200-fold) of the target operons (Figure [4C](#F4){ref-type="fig"}), paralleling that observed for the GFP reporters (Figure [4B](#F4){ref-type="fig"}). This wide range in repression matches the variability in gene silencing observed with dCas9 ([@B13],[@B17])

Finally, we explored whether targeting endogenous genes could generate defined phenotypes. Because each operon is required for the catabolism of its cognate sugar, we measured growth on each sugar as well as on two non-targeted sugars D-glucose and *N*-acetyl-D-glucosamine (GlcNAc). We cultured MG1655 Δ*cas3*::*cat* expressing a single-spacer or four-spacer array with the different sugars as sole carbon sources and measured the turbidity of the culture after 24 h of growth (Figure [4D](#F4){ref-type="fig"} and Supplementary Figure S5A). We found that targeting each operon limited growth on the cognate sugar, whether using a single-spacer array or a four-spacer array. The four-spacer array silenced all target operons in individual cells, as this array limited growth in medium containing all four targeted sugars (Supplementary Figure S5A). Critically, growth was unhampered for all non-targeted sugars, supporting the specificity of targeting. The final turbidity was generally lower for all cultures grown in L-rhamnose (Figure [4D](#F4){ref-type="fig"} and Supplementary Figure S5A), which we attribute to L-rhamnose being a poor carbon source (Supplementary Figure S5B). We thus conclude that the Type I-E system in *E. coli* can be programmed to silence multiple endogenous genes and generate complex phenotypes.

DISCUSSION {#SEC4}
==========

We found that the Type I-E CRISPR-Cas system in *E. coli* can be repurposed for programmable gene repression through the deletion of *cas3* and constitutive expression of the Cascade operon. An ensuing question is the extent to which this phenomenon applies to the other five Type I subtypes. Structural and phylogenetic data suggest that this same phenomenon would apply to Type I-B, I-C and I-F systems based on the stability of Cascade in the absence of Cas3 and the ability of this complex to process transcribed CRISPR arrays ([@B3],[@B22],[@B27],[@B29]). Type I-A and I-D systems appear to be exceptions, as two distinct Cas3 proteins (Cas3′ and Cas3″) are required for stabilization of the Type I-A Cascade and the uncharacterized Type I-D Cascade is most closely related to that of Type I-A systems ([@B1],[@B45]). However, these *cas3* genes could be catalytically inactivated ([@B24]) as performed with Cas9 ([@B12]), albeit via point mutations that are harder to introduce with rudimentary genetic tools.

With this demonstration, another question is whether Type I systems or Type II systems should be employed for transcriptional regulation. Type II systems in the form of dCas9 are highly attractive because they offer a compact heterologous system that can be imported into diverse organisms. However, exploiting endogenous Type I systems does offer some potential advantages. For instance, once *cas3* is deleted, only the CRISPR array totaling at most a few hundred bases must be introduced. Another potential advantage is that a native Type I system would be well suited for thermophilic and hyperthermophilic microorganisms that thrive in environmental conditions that would prevent proper folding of common Cas9 proteins. Type I systems also offer PAMs that are distinct from those associated with known Type II systems, including a different orientation and a bias toward T/C-rich sequences ([@B1],[@B23],[@B46]). Finally, Type I systems are naturally found in diverse industrially and medically relevant strains, including *E. coli*, *Streptococcus thermophilus*, *Clostridium autoethanogenum* and *Acinetobacter baumannii* ([@B47]). A drawback to this strategy is that the strains would lose immunity against some invading pathogens. Overexpression of Cascade in the absence of Cas3 may also inadvertently impact the transcriptional landscape, although this remains to be explored even for dCas9.

One interesting parallel observed for transcriptional regulation with Type I and Type II systems is the strand bias when targeting transcribed regions (Figure [2B](#F2){ref-type="fig"}) ([@B13],[@B17]). Previous work with dCas9 demonstrated that targeting the non-template strand but not the template strand strongly interfered with RNA polymerase extension. We observed the same trend with the Type I-E Cascade (Figure [2B](#F2){ref-type="fig"}) despite structural differences and opposing PAM locations in comparison to dCas9 ([@B21],[@B23],[@B48]--[@B49]). Based on this parallel, we speculate that RNA polymerase extension is more sensitive to protein binding on the non-template strand rather than the particular orientation of the interfering protein or titration by the encoded mRNA. However, further investigation of the mechanisms of transcriptional repression is warranted.

An emerging concern with CRISPR technologies is the degree of off-target effects ([@B50]--[@B53]). These concerns stem from the Cas proteins accommodating mismatches between the crRNA spacer and the DNA target ([@B5],[@B35],[@B48],[@B54]), potentially recognizing similar sites elsewhere in the genome. While recent genome-wide screens in human embryonic stem cells failed to detect any unintended editing events with Cas9 ([@B55],[@B56]), off-targets would be expected to vary with the selected spacer sequence. Fortunately, using CRISPR-Cas systems for transcriptional regulation in prokaryotes would be far less likely to produce off-target effects: prokaryotes possess much smaller genomes than eukaryotes, limiting the probability of similar sequences appearing at other sites; and transcriptional repression can only occur within defined regions and strands of the genome ([@B13],[@B17]). Accordingly, only one off-target has been reported to date for dCas9 in multiple studies in bacteria and in mammalian cells ([@B13]--[@B15]), wherein the off-target contained a recognized PAM and strong homology to the target sequence ([@B17]).

The regulatory capacity of the Type I-E system in the absence of *cas3* hints at the possibility of Type I systems naturally controlling gene expression. A previous bioinformatics search for genome-targeting spacers---a potential indicator of gene regulation---identified numerous instances in natural arrays ([@B57]). The authors concluded that accidental self-targeting forced deactivation of the endogenous CRISPR-Cas system because many of the *cas* genes were missing. However, accidental self-targeting could also drive the loss or disruption of *cas3*, thereby converting the system into a gene regulator. The identification of such systems would complement the single CRISPR-Cas system known to regulate cellular processes ([@B58],[@B59]).

In summary, our findings offer a novel strategy for exploiting an organism\'s native Type I CRISPR-Cas system for transcriptional regulation. In the future, we intend to explore additional Type I subtypes, broadening the scope of this method. Utilizing native Type I CRISPR-Cas systems would require elucidating the PAM, deleting *cas3* and validating the functionality of Cascade ([@B48]). However, once achieved, these systems would further augment the genetic toolbox available for programmable gene regulation and offer novel approaches for genome-wide screens and strain engineering. Moreover, our findings provide a framework to identify natural Type I systems that naturally regulate gene expression.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku971/-/DC1) are available at NAR Online.
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